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Abstract.—We captured rainbow trout Oncorhynchus mykiss in the Colorado River below Glen
Canyon Dam, Arizona, between 1995 and 1997 to develop baseline data for a modified health
assessment index (mHAI) and to determine relationships among mHAI, parasite burden, relative
condition, mesenteric fat index, and diet. We also examined effects of a simulated flood on these
variables during 1996. There were no significant effects of the flood on variables measured in the
fish. Total stomach volume increased during spring and summer following the flood and reflected
an expected trend. Health of fish, based on the mHAI, remained good throughout the study but
declined with increasing burden of the nematode Truttaedacnitis truttae and with trout size. In-
creasing relative condition and greater mesenteric fat levels and stomach volumes of macroin-
vertebrates were associated with reduced mHAI. Larger trout also ate more Cladophora glomerata
than did smaller fish, and nematode burden was related negatively to volumes of the alga and
macroinvertebrates in stomachs, suggesting relationships among fish age, parasite burden, and
diet. We suggest that health assessments for the tailwater rainbow trout fishery at Glen Canyon
Dam should include relative condition and indices of mesenteric fat levels, nematode burden, and
diet as metrics. Moreover, evaluations of health should address length-specific categories for long-
term monitoring of rainbow trout in the tailwater and fish populations in general.

Goede and Barton (1990) developed a necropsy-
based method for evaluating individual fish health
in order to establish databases for monitoring and
detecting the responses of fish to environmental
stressors. The necropsy-based technique was mod-
ified by Adams et al. (1993) to provide a quanti-
tative health assessment index (HAI) allowing sta-
tistical comparisons of data among fish popula-
tions. The Goede and Barton (1990) procedure was
based primarily on data derived from salmonid
fishes, but modifications of the method have been
applied to coldwater and warmwater fishes (Adams
et al. 1993; Coughlan et al. 1996; Robinson et al.
1998). No consistent approach to assessment of
fish health has yet emerged, and distinctions be-
tween health and condition are unclear in relation
to various health assessment procedures (Goede
and Barton 1990; Adams et al. 1993; Coughlan et
al. 1996).

Condition indices based on length–weight re-
lationships are widely used to evaluate the phys-
iological well-being of fish populations and effects
of environmental variables and management strat-
egies (Bolger and Connolly 1989; Murphy et al.
1991; Anderson and Neumann 1996). However,

* Corresponding author: tmckinney@gf.state.az.us

Received February 7, 2000; accepted July 2, 2000

the relation of these indices to other aspects of fish
population ecology is poorly understood (Murphy
et al. 1991). Values of Fulton’s condition factor
(K) are length- and species-dependent and may
limit comparison of fish of disparate lengths within
a species (Murphy et al. 1991). Relative condition
(Kn) can be used within a population and is based
on local and regional weight–length summaries
(Murphy and Willis 1992); relative weight (Wr) is
based on the length-specific standard weight rep-
resenting the species as a whole (Murphy et al.
1991; Anderson and Neumann 1996; Simpkins and
Hubert 1996). Coughlan et al. (1996) used relative
weight in health assessments, whereas others
(Goede and Barton 1990; Sutton et al. 2000) in-
corporated Fulton’s condition factor. In contrast, a
fish condition index was excluded from the HAI
developed by Adams et al. (1993). Robinson et al.
(1998) found no significant correlation between K
and an HAI in seven riverine fishes.

Better condition may be reflected in greater mes-
enteric fat levels, which reflect long-term feeding
and energy deposition (Goede and Barton 1990;
Porath and Peters 1997). However, in developing
HAIs, Adams et al. (1993) omitted mesenteric fat
levels, whereas others (Goede and Barton 1990;
Coughlan et al. 1996; Robinson et al. 1998) ex-
amined mesenteric fat levels in health assessments.

Hematological variables have been incorporated
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into health assessments (Goede and Barton 1990;
Adams et al. 1993; Coughlan et al. 1996). How-
ever, use of some hematological indices (e.g., he-
moglobin and hematocrit) to evaluate fish health
is suspect because of lack of measurement preci-
sion, distortion associated with sampling proce-
dures and storage conditions, and uncertainty re-
garding hematological norms (Houston 1997). He-
matological values also may vary with age of fish,
season, and reproductive status of salmonids (Den-
ton and Yousef 1975; Lane 1979; Wagner et al.
1997). Coughlan et al. (1996) found that blood
variables contributed little to health assessments
of largemouth bass Micropterus salmoides. Rob-
inson et al. (1998) found no correlation between
hematological variables and an HAI or condition
for five fish species, but hematocrit and an HAI
were positively correlated for desert suckers Ca-
tostomus clarki. Although Sutton et al. (2000) ex-
amined serum lysozyme and protein in rainbow
trout Oncorhynchus mykiss, blood variables were
excluded from calculation of an HAI.

The ability of an HAI to represent the health
profile of a fish population can be evaluated by
comparing it with other measures of fish health or
condition collected simultaneously (Adams et al.
1993). Robinson et al. (1998) excluded parasite
infection from an HAI in order to determine the
relationship between parasites and health of native
and nonnative riverine fishes. They found that HAI
values increased (poorer health) with greater par-
asite burden for some species. Condition of round-
tail chub Gila robusta also declined with increas-
ing parasite burden, suggesting the need for further
evaluation of associations among health assess-
ment, parasite burden, and condition indices. Ad-
ams et al. (1993) included parasite abundance in
their HAI, but Coughlan et al. (1996) suggested
that fish parasites should not be used in developing
health assessment indices because any effects of
bacterial or parasitic infection should lead to
changes in relative weight.

Parasite infestation in a riverine system may im-
pact host fishes and limit populations (Anderson
1978; Anderson and May 1978; May and Anderson
1979; Anderson and Gordon 1982). The parasitic
nematode Truttaedacnitis truttae (Maggenti 1971;
Choudhury and Dick 1996) is prevalent in rainbow
trout in the tailwater fishery below Glen Canyon
Dam, Arizona (GCD), but the ecological impli-
cations of nematode infestation are poorly under-
stood (Dick and Choudhury 1995). The nematode
attaches to the pyloric caeca of the intestine (Mag-
genti 1971) and may influence food consumption,

impair growth, and reduce reproductive potential
and survival of host fish (Hiscox and Brocksen
1973; Anderson and Gordon 1982). Host age, spe-
cies, and diet may be key variables influencing the
intensity of certain parasitic infections (Amin
1985; Coughlan et al. 1996; Robinson et al. 1998).
The life cycle of T. truttae in North America is
undocumented (Dick and Choudhury 1995) but
may include an intermediate copepod host (Hiscox
and Brocksen 1973). However, Brouder and Hoff-
nagle (1997) found no copepods in stomachs of
rainbow trout caught below GCD, suggesting oc-
currence of an alternative intermediate host in the
tailwater.

Development of health assessment indices may
be useful in monitoring the well-being of free-
ranging fish populations. However, little infor-
mation is available regarding associations between
health assessment indices and other measures of
fish well-being. The objectives of our study were
to collect baseline data on health and parasitism
of rainbow trout in a regulated river and to deter-
mine possible relations with a modified HAI, fish
parasite burden, relative condition, mesenteric fat
index, and diet. During the period that we collected
baseline data, a simulated flood occurred (Rubin
et al. 1998), and a secondary objective was to de-
termine if the flood influenced the above variables.

Study Site

Glen Canyon Dam impounds the Colorado River
in northcentral Arizona near the Arizona–Utah
border, forming Lake Powell, a 653-km2 merom-
ictic reservoir. Hypolimnetic releases from the res-
ervoir are clear and cold (8–108C; Stevens et al.
1997). The tailwater trout fishery occurs in a reach
from the dam to 25.5-km downstream; mean depth
of this 341-ha reach (at dam releases of 426 m3/
s) is 6.5 m, and mean width is 135.6 m. Nonnative
rainbow trout predominate in the tailwater reach,
are self-sustaining, and are sympatric with native
flannelmouth sucker Catostomus latipinnis (Mc-
Kinney et al. 1999b, 2001) and nonnative common
carp Cyprinus carpio. Releases from GCD gener-
ally were 568–625 m3/s during our study. How-
ever, a simulated flood (March 22–April 7, 1996)
discharged a peak flow of 1,290 m3/s from the dam
for 7 d, which was immediately preceded and fol-
lowed by 4 d of steady low releases (238 m3/s;
Rubin et al. 1998).

Methods

Rainbow trout were collected by electrofishing
between dusk and dawn during six periods from
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December 1995 to April 1997. We electrofished
from an aluminum boat, making a single pass of
about 33 min at each of 15 (1995–1996) or 9
(1997) fixed transects (the reduced number still
allowed for adequate stock assessment). We used
a complex pattern of pulsed DC and applied 215-
V and 15-A output to a 30-cm stainless steel anode
system (Sharber et al. 1994). Fish greater than 150
mm total length (TL) were subsampled randomly
from the total electrofishing catch to exclude
young-of-year but include both juveniles (#300
mm) and adults. Fish were held (15–90 min) in
open live wells until measured for total length (in
millimeters), weighed (grams), and necropsied
within 30 min of death by manual concussion. Rel-
ative condition (Kn 5 W/W, where W 5 total wet
weight, W 5 1024.6 1 2.856·log

10
TL) was computed.

The length-specific mean weight (W) equation
used in this study was developed for rainbow trout
collected in the tailwater during 1984–1990 using
the 75th percentile technique (Murphy et al. 1990,
1991).

Stomach contents of trout were identified to the
lowest practical taxonomic level and measured
(milliliters) using volumetric displacement. Rela-
tive stomach volume (Filbert and Hawkins 1995)
was computed for total stomach contents (RGVT),
total macroinvertebrates (RGVI), and Cladophora
glomerata (RGVC).

We qualitatively rated characteristics of 10 an-
atomical features (fins, eyes, opercula, gills, thy-
mus, pseudobranchs, spleen, kidney, liver, and
hindgut) following Goede and Barton (1990) and
calculated a necropsy-based modified health as-
sessment index (mHAI) using these variables for
each fish, following Robinson et al. (1998). The
mHAI differed slightly from Robinson et al.
(1998) in that skin condition was not assessed.
Thus, the maximum attainable index value was
300. We also ranked the quantity of mesenteric fat
(MFI; Goede and Barton 1990) for each fish. From
postmortem evaluations of each fish, we ranked
nematode burden (NEM) ordinally (0 5 none, 1
5 1–10, 2 5 11–100, 3 5 101–250, 4 5 251–500,
5 5 .500), which we based on previously reported
levels of parasite infection (Hiscox and Brocksen
1973; Ingham and Arme 1973; Brown 1986). After
preliminary assessments, we excluded measure-
ment of hematological variables because we en-
countered difficulties with sampling, measure-
ment, and sample handling under field conditions.

We used multivariate analysis of variance
(MANOVA) and Tukey’s multiple comparisons
(Bonferroni corrected) to determine differences

among sampling periods for mHAI, TL, Kn, MFI,
NEM, RGVT, RGVI, and RGVC. We evaluated
effects of the simulated flood on these variables
by comparing March 22–24 (preflood) and April
5–7 (postflood) data. We used chi-square analysis
to assess differences in nematode prevalence (fre-
quency of fish with nematodes in stomachs) among
sampling periods and Pearson’s correlation to as-
sess diet (RGVT, RGVI, and RGVC) changes as
fish length increased.

We used forward stepwise multiple linear re-
gression in SPSS (SPSS 1998) to assess relation-
ships among variables. The stepwise method is the
most commonly used, especially when the inde-
pendent variables are correlated (SPSS 1998); this
routine removes a correlated independent variable
if it diminishes the importance of an already en-
tered variable. In addition, we used Pearson’s cor-
relation to assess all pairwise correlations among
variables to further assess the appropriateness of
the regression models. We performed three re-
gressions, to assess relationships between (1)
mHAI and TL, Kn, MFI, NEM, RGVI, RGVC, and
RGVT, (2) MFI and TL, Kn, RGVI, RGVC, and
RGVT, and (3) NEM and Kn, TL, MFI, RGVT,
RGVI, and RGVC. A subset of the data (all data
except April 1997) was used in the first two re-
gression analyses because neither mHAI or MFI
differed among periods when April 1997 was re-
moved. We used a different data subset for the third
(Kn) regression (all except December 1995; Kn in
the resulting subset did not differ among periods).

Results

We collected 215 rainbow trout ranging from
172 to 538 mm TL for assessment of health and
other variables. Length frequencies and relative
nematode burden among all fish followed normal
distribution patterns. Differences were detected
among sampling periods for seven of the nine var-
iables examined (Table 1). Total RGV increased
following the peak flow (March 22–24 versus
April 5–7, 1996) and remained high in August
1996, but changes in other variables immediately
following the simulated flood were not significant.

Linear correlations between variables typically
were weak (,0.45), except for the correlation be-
tween RGVT and RGVC (Table 2). However, five
of seven variables were correlated with mHAI, and
Kn declined with increasing TL but was positively
associated with MFI. Diet composition also
changed as fish length increased. Relative stomach
volumes of macroivertebrates did not change, but
RGVC and RGVT increased with greater TL. In-
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TABLE 1.—Mean (6SE) modified health assessment index (mHAI), mesenteric fat index (MFI), relative condition
(Kn), total length (TL, mm), nematode prevalence (PRV, %) relative abundance (NEM, rank), relative stomach volumes
of invertebrates (RGVI) and Cladophora glomerata (RGVC), and total contents (RGVT) in stomachs of rainbow trout
in the Glen Canyon Dam tailwater, December 1995 to April 1997. Overall significant differences (P , 0.05) among
dates are indicated with an asterisk. Values along a row with a letter in common differ significantly (P , 0.05) from
others in that row based on Tukey multiple comparisons.

Variable

Dates

Dec 1995 Mar 1996 Apr 1996 Aug 1996 Nov 1996 Apr 1997 P

N
mHAI

MFI

Kn

TL

PRV
NEM

RGVI

RGVC

RGVT

17
23.2
(3.4)
0.8 z

(0.1)
84.0
(2.1)

346 zy
(4.6)
98.5
2.5 zy

(0.1)
1.7

(0.4)
0.3 zy

(0.2)
2.0 zy

(0.4)

27
16.7 z
(4.6)
0.5

(0.2)
90.2
(6.1)

318 xw
(12.0)
91.7
2.3

(0.2)
0.8

(0.2)
2.9

(1.1)
3.7 xw

(1.1)

29
22.8
(4.6)
0.9

(0.2)
86.2
(1.4)

350 v
(8.9)
84.2
2.0

(0.3)
4.2

(1.5)
7.5 zx

(2.5)
11.7 zxv
(2.7)

29
20.7
(5.0)
0.3

(0.1)
82.7
(2.7)

383 yx
(7.1)

100.0
1.8 z

(0.1)
2.9

(0.7)
8.7 y

(2.8)
11.6 ywu
(2.8)

33
34.7
(5.4)
0.8

(0.1)
80.5
(2.7)

388 zwvu
(6.8)
85.0
1.6 y

(0.2)
4.1

(1.1)
0.2 x

(0.2)
4.3 vu

(1.1)

26
41.2 z
(6.1)
0.2 z

(0.1)
80.6
(3.5)

355 u
(16.0)
94.7
2.2

(0.2)
2.6

(0.8)
5.1

(2.8)
7.8

(3.1)

*

*

*

*

*

*

*

TABLE 2.—Matrix of correlations (r) and associated significance levels (P) for variables designated in Table 1.

Variable

Variable

Kn mHAI MFI NEM RGVC RGVI RGVT

TL

Kn

mHAI

MFI

NEM

RGVC

RGVI

r
P
r
P
r
P
r
P
r
P
r
P
r
P

20.265
0.000

0.156
0.022

20.173
0.011

0.036
0.596
0.408
0.000

20.216
0.001

20.041
0.545
0.052
0.444
0.271
0.000

20.088
0.197

0.247
0.000
0.081
0.237

20.054
0.428
0.039
0.571

20.206
0.002

0.088
0.199
0.079
0.248

20.169
0.013
0.070
0.307

20.137
0.045

20.005
0.941

0.259
0.000
0.108
0.114

20.123
0.071
0.064
0.346

20.246
0.000
0.897
0.000
0.437

,0.001

vertebrates and Cladophora accounted for more
than 99% of stomach contents.

Within the multiple regression model, two of
seven variables (NEM and Kn) were significantly
related to mHAI (multiple regression, r 5 0.31, P
, 0.001). Values of mHAI increased (poorer
health) with increasing NEM (b 5 6.6, SE 5 1.8,
P , 0.001) and decreased (better health) with in-
creasing Kn (b 5 20.3, SE 5 0.11, P 5 0.012).
Values of MFI were weakly associated (multiple
regression, r 5 0.46, P , 0.001) with Kn (b 5
0.02, SE 5 0.003, P , 0.001) and TL (b 5 0.003,
SE 5 0.001, P , 0.006).

Nematodes infested 95% of fish stomachs ex-
amined, and chi-square analysis indicated that
nematode prevalence of infection did not differ
significantly among sampling periods (Table 1).
Mean nematode burden was fewer than 100 par-
asites per fish, but more than one-third of infected
fish harbored more than 100 nematodes and 10%
were infested with more than 250 worms. Nema-
tode burden was related to RGVT, which declined
with increasing NEM (multiple regression, r 5
0.20, b 5 20.02, SE 5 0.007, P 5 0.016). Multiple
regression indicated that relative condition, TL,
MFI, RGVI, and RGVC were not associated sig-
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nificantly with NEM, but linear correlations in-
dicated negative relationships of TL and NEM ver-
sus relative stomach volumes (Table 2).

Discussion

Fish health, as measured by the mHAI, remained
high throughout the study; values never exceeded
about 14% of the maximum attainable level and
were as low as 6%. Health assessment index values
reported elsewhere (Adams et al. 1993; Coughlan
et al. 1996; Robinson et al. 1998; Sutton et al.
2000) indicate that the mHAI values we found that
were above 75 might be cause for health-related
concerns. Several variables differed statistically
among sampling periods (mHAI, MFI, TL, NEM,
RGVC, RGVI, and RGVT), but clear patterns of
change over time generally were not apparent.
Only total volume of stomach contents changed
(increased) following the simulated flood, proba-
bly reflecting seasonal trends in trout diets or avail-
ability of algae and macroinvertebrates in the drift
(Brittain and Eikeland 1988; Shannon et al. 1996;
McKinney et al. 1999a, 1999d). Our results are
consistent with conclusions for the total electro-
fishing sample that the simulated flood had no sig-
nificant short-term influence on rainbow trout in
the tailwater (McKinney et al. 1999c).

Prevalence of infection by T. truttae remained
high throughout the study. Mean parasite burden
was similar to previously reported levels for hel-
minths in rainbow trout (Hiscox and Brocksen
1973; Ingham and Arme 1973; Brown 1986), but
more than one-third of fish contained more than
100 nematodes. Most eukaryotic organisms, such
as helminths, appear to do little harm to their hosts,
unless present in very large numbers (Anderson
and May 1978). The number of parasites required
to kill a host is difficult to estimate (Crofton 1971),
but Hiscox and Brocksen (1973) found that under
laboratory conditions as few as 1–7 T. truttae per
juvenile rainbow trout were associated with in-
creased consumption rate and reduced growth.
Hiscox and Brocksen (1973) also suggested that a
50% infection level among hosts associated with
4–5 nematodes per infected fish could depress
growth rates of juvenile rainbow trout, but they
cautioned against extrapolation of these results to
natural populations. They further reported that up
to 13 of the nematodes were observed in catchable
trout, many fewer than we observed in more than
one-third of fish.

Despite a high prevalence of infection, adequate
relative condition and low mHAI values indicated
that T. truttae were not regulating the GCD tail-

water rainbow trout population (McKinney et al.
1999c, 1999d, 2001). However, host mortality gen-
erally is dependent on helminth parasite burden in
vertebrates (Anderson and May 1978; Anderson
and Gordon 1982), and mortality associated with
greater nematode burden may contribute to the rar-
ity of large fish (.405 mm) captured by electro-
fishing in the GCD tailwater (McKinney et al.
1999d, 2001).

Scores of the mHAI increased with fish length
and parasite burden, and Kn declined with increas-
ing TL, suggesting that larger trout tended to be
in relatively poorer condition and health than
smaller fish and that greater nematode burden neg-
atively influenced fish health. It may be that de-
clining trout health and relative condition were
related to a shift toward a less nutritious diet as
fish increased in size, because larger fish consumed
more C. glomerata (Weiland and Hayward 1997).
However, we found weak positive associations be-
tween mesenteric fat levels and trout length and
relative condition. The positive relationship be-
tween Kn and MFI supports the notion that the
ponderal index reflects surplus energy stored pri-
marily as fat and protein (Lemly and Esch 1984;
Gutreuter and Childress 1990).

Our results are consistent with those of Hiscox
and Brocksen (1973) in that infestation by the par-
asitic gut nematode T. truttae may have influenced
health and diet of rainbow trout. Greater nematode
burden in our study was associated with reduced
relative stomach volumes of C. glomerata, ma-
croinvertebrates, and total contents, suggesting
that increased parasite load may alter feeding be-
havior, reduce food capacity of the stomach, affect
food assimilation, or interfere with rate of food
passage through the intestine (Hiscox and Brock-
sen 1973; Ingham and Arme 1973). Depression of
food intake often is the first indication of fish dis-
ease under natural conditions (Néji and de la Noüe
1998). In contrast, Hiscox and Brocksen (1973)
found that juvenile rainbow trout inoculated with
T. truttae increased food consumption. Disparity
in food intake in our study may be related to nat-
ural versus laboratory conditions or to fish age
(length), diet, or high parasite burden (Hiscox and
Brocksen 1973; Ingham and Arme 1973; Grove et
al. 1978). Amin (1985) also found that increased
acanthocephalan burden was associated with
greater consumption of invertebrates by older fish.

In general, the relative importance of different
metrics potentially included in calculating an HAI
is unclear. Adams et al. (1993) suggested that no
more than 6 of 14 HAI variables influenced health
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of largemouth bass or redbreast sunfish Lepomis
auritus. Sutton et al. (2000) questioned the merit
of evaluating pseudobranchs and thymi, which we
assessed in calculating mHAI. In contrast to the
suggestion of Coughlan et al. (1996), we found
that nematode burden was associated with changes
in mHAI but not in Kn. However, our results sup-
port the recommendation of Coughlan et al. (1996)
that a length–weight metric be incorporated into
calculation of an HAI.

Goede and Barton (1990) recognized that health
assessment indices are not designed as a substitute
for other measurements of health or condition, nor
will they meet all requirements of fishery man-
agers. Modifications of the necropsy-based method
may be necessary to address specific concerns,
such as those related to particular aquatic systems
and fishery management objectives (Adams et al.
1993). Relative condition and the mHAI in our
study provided generally similar but weakly re-
lated indices of trout well-being. We suggest that
use of relative condition and indices of nematode
burden, mesenteric fat, and diet as metrics in
necropsy-based assessments will provide addition-
al useful information to monitor health and the
influences of long-term environmental variables
on the Lee’s Ferry rainbow trout fishery. Evalua-
tions of specific length categories of fish also
should provide greater insight into the dynamics
of rainbow trout health in the GCD tailwater (and
fish populations in general) in relation to environ-
mental factors than assessments of these variables
based on total (not length-specific) electrofishing
samples (Goede and Barton 1990; Marwitz and
Hubert 1997; McKinney et al. 1999d, 2001).

Acknowledgments

Glen Canyon Environmental Studies (Cooper-
ative Agreement No. 9-FC-40-07940) and Grand
Canyon Monitoring and Research Center (Coop-
erative Agreement No. 1425-97-FC-40-20810)
provided funding for this study. We are grateful
to Mark Brouder and Scott Bryan for reviewing
earlier drafts of this manuscript.

References

Adams, S. M., A. M. Brown, and R. W. Goede. 1993.
A quantitative health assessment index for rapid
evaluation of fish condition in the field. Transactions
of the American Fisheries Society 122:63–73.

Amin, O. M. 1985. The relationship between the size
of some salmonid fishes and the intensity of their
acanthocephalan infections. Canadian Journal of
Zoology 63:924–927.

Anderson, R. M. 1978. The regulation of host popula-

tion growth by parasitic species. Parasitology 76:
119–157.

Anderson, R. M., and D. M. Gordon. 1982. Processes
influencing the distribution of parasite numbers
within host populations with special emphasis on
parasite-induced host mortalities. Parasitology 85:
373–398.

Anderson, R. M., and R. M. May. 1978. Regulation and
stability of host-parasite population interactions. I.
Regulatory processes. Journal of Animal Ecology
47:219–247.

Anderson, R. O., and R. M. Neumann. 1996. Length,
weight, and associated structural indices. Pages
447–482 in B. R. Murphy and D. W. Willis, editors.
Fisheries techniques, 2nd edition. American Fish-
eries Society, Bethesda, Maryland.

Bolger, T., and P. L. Connolly. 1989. The selection of
suitable indices for measurement and analysis of
fish condition. Journal of Fish Biology 34:171–182.

Brittain, J. E., and T. J. Eikeland. 1988. Invertebrate
drift—a review. Hydrobiologia 166:77–93.

Brouder, M. J., and T. L. Hoffnagle. 1997. Distribution
and prevalence of the Asian fish tapeworm, Both-
riocephalus acheilognathi, in the Colorado River
and tributaries, Grand Canyon, Arizona, including
two new host records. Journal of the Helminthol-
ogical Society of Washington 64:219–226.

Brown, A. F. 1986. Evidence for density-dependent estab-
lishment and survival of Pomphorhynchus laevis
(Müller, 1776) (Acanthocephala) in laboratory-infect-
ed Salmo gairdneri Richardson and its bearing on wild
populations in Leuciscus cephalus (L.). Journal of Fish
Biology 28:659–669.

Choudhury, A., and T. A. Dick. 1996. Observations on
the systematics and biogeography of the genus Trut-
taedacnitis (Nematoda: Cucullanidae). Journal of
Parasitology 82:977–987.

Coughlan, D. J., B. K. Baker, D. G. Cloutman, and W.
M. Rash. 1996. Application and modification of the
fish health assessment index used for largemouth
bass in the Catawba River, North Carolina–South
Carolina. Pages 73–84 in L. E. Miranda and D. R.
DeVries, editors. Multidimensional approaches to
reservoir fisheries management. American Fisheries
Society, Symposium 16, Bethesda, Maryland.

Crofton, H. D. 1971. A quantitative approach to para-
sitism. Parasitology 62:179–193.

Denton, J. E., and M. K. Yousef. 1975. Seasonal changes
in hematology of rainbow trout, Salmo gairdneri.
Comparative Biochemistry and Physiology 51A:
151–153.

Dick, T. A., and A. Choudhury. 1995. Phylum Nema-
toda. Pages 415–446 in P. T. K. Woo, editor. Fish
diseases and disorders, volume 1. Protozoan and
metazoan infections. CAB International, Walling-
ford, UK.

Filbert, R. B., and C. P. Hawkins. 1995. Variation in
condition of rainbow trout in relation to food, tem-
perature, and individual length in the Green River,
Utah. Transactions of the American Fisheries So-
ciety 124:824–835.

Goede, R. W., and B. A. Barton. 1990. Organismic in-



68 MCKINNEY ET AL.

dices and an autopsy-based assessment as indicators
of health and condition in fish. Pages 93–108 in S.
M. Adams, editor. Biological indicators of stress in
fish. American Fisheries Society, Symposium 8, Be-
thesda, Maryland.

Grove, D. J., L. G. Loizides, and J. Nott. 1978. Satiation
amount, frequency of feeding and gastric emptying
rate in Salmo gairdneri. Journal of Fish Biology 12:
507–516.

Gutreuter, S., and W. M. Childress. 1990. Evaluation of
condition indices for estimation of growth of lar-
gemouth bass and white crappie. North American
Journal of Fisheries Management 10:434–441.

Hiscox, J. I., and R. W. Brocksen. 1973. Effects of a
parasitic gut nematode on consumption and growth
in juvenile rainbow trout (Salmo gairdneri). Journal
of the Fisheries Research Board of Canada 30:443–
450.

Houston, A. H. 1997. Review: are the classical hema-
tological variables acceptable indicators of fish
health? Transactions of the American Fisheries So-
ciety 126:879–894.

Ingham, L., and C. Arme. 1973. Intestinal helminths in
rainbow trout, Salmo gairdneri (Richardson): ab-
sence of effect on nutrient absorption and fish
growth. Journal of Fish Biology 5:309–313.

Lane, H. C. 1979. Progressive changes in haematology
and tissue water of sexually mature trout, Salmo
gairdneri Richardson during the autumn and winter.
Journal of Fish Biology 15:425–436.

Lemly, A. D., and G. W. Esch. 1984. Effects of the
trematode Uvulifer ambloplitis on juvenile bluegill
sunfish, Lepomis macrochirus: ecological implica-
tions. Journal of Parasitology 70:475–492.

Maggenti, A. R. 1971. A review of the family Cucul-
lanidae (Cobbold, 1864) and the genus Bulbodac-
nitis (Lane, 1916) with a description of Bulbodac-
nitis ampullastoma sp. n. (Nematoda: Cucullanidae)
from Salmo gairdneri (Richardson). Proceedings of
the Helminthological Society of Washington 38:80–
85.

Marwitz, T. D., and W. A. Hubert. 1997. Trends in rel-
ative weight of walleye stocks in Wyoming reser-
voirs. North American Journal of Fisheries Man-
agement 17:44–53.

May, R. M., and R. M. Anderson. 1979. Population
biology of infectious diseases, part 2. Nature (Lon-
don) 280:455–461.

McKinney, T., A. D. Ayers, and R. S. Rogers. 1999a.
Macroinvertebrate drift in the tailwater of a regu-
lated river below Glen Canyon Dam, Arizona.
Southwestern Naturalist 44:205–210.

McKinney, T., W. R. Persons, and R. S. Rogers. 1999b.
Ecology of flannelmouth sucker in the Lee’s Ferry
tailwater, Colorado River, Arizona. Great Basin
Naturalist 59:259–265.

McKinney, T., R. S. Rogers, A. D. Ayers, and W. R.
Persons. 1999c. Lotic communities in the Lee’s Fer-
ry reach. Geophysical Monograph 110:249–258.

McKinney, T., R. S. Rogers, and W. R. Persons. 1999d.
Effects of flow reductions on aquatic biota of the
Colorado River below Glen Canyon Dam, Arizona.

North American Journal of Fisheries Management
19:984–991.

McKinney, T., D. W. Speas, R. S. Rogers, and W. R.
Persons. 2001. Rainbow trout in a regulated river
below Glen Canyon Dam, Arizona following in-
creased minimum flows, and reduced discharge var-
iability. North American Journal of Fisheries Man-
agement 21:216–222.

Murphy, B. R., M. L. Brown, and T. A. Springer. 1990.
Evaluation of the relative weight (Wr) index, with
new applications to walleye. North American Jour-
nal of Fisheries Management 10:85–97.

Murphy, B. R., and D. W. Willis. 1992. Proper distinc-
tion between relative weight and relative condition
factor. North American Journal of Fisheries Man-
agement 12:665–666.

Murphy, B. R., D. W. Willis, and T. A. Springer. 1991.
The relative weight index in fisheries management:
status and needs. Fisheries 16(2):30–38.
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